Ruminants have co-evolved with symbiotic rumen microbiota, which readily convert ingested plant fibres 10 into the nutrients they need to sustain their growth and maintenance. Fibre degradation within the rumen 11 microbiome has been attributed to a limited number of cultivable representatives, which has restricted 12 our ability to understand the different enzymatic machineries that exist. However, via a combination of 13 culturing, meta-omics, bioinformatics, biochemistry and enzymology, we are beginning to expand our 14 insight into the different fibre-digesting strategies that rumen microbiota employ. We discuss findings 15 from studies on well-known Ruminococcus, Fibrobacter and Prevotella isolates, as well as those from 16 poorly understood and as-yet uncultured Bacteroidetes lineages. Collectively, these approaches have 17 revealed new mechanistic information related to the hydrolytic capacity of cellulosomes, free enzymes, 18 outer membrane vesicles, polysaccharide utilization loci and large multi-modular enzymes, which are 19 generating deeper insights into the intricate microbial networks that engage in ruminal fibre digestion. 
Introduction

27
Herbivorous ruminants rely on a close symbiosis with their ruminal microbiota for the proficient 28 conversion of plant biomass to microbial cell protein and volatile fatty acids (McCann et al., 2014) . By 29 breaking down the complex matrix of polymers that constitute the cell walls of lignocellulosic feedstuffs, 30 the microorganisms fulfill their host's nutritional demands while thriving in a suitable environment where 31 they are provided a constant influx of energy and relative environmental stability. These microbiomes 32 utilize a prodigious catalogue of carbohydrate active enzymes (CAZymes) to deconstruct the complex 33
carbohydrates of the plant cell wall, and access the large amounts of inherently stored energy that is 34 otherwise extremely difficult to access. Cellulose in itself is highly recalcitrant to degradation, and in the 35 plant cell wall, it is embedded in a matrix of complex hemicelluloses and lignin, making enzymatic access 36 difficult. To overcome this challenge, the bacteria, ciliates and fungi colonizing the rumen have developed 37 powerful strategies in which they utilize the CAZymes in various mechanisms to liberate and utilize the 38 monomers from the lignocellulose. 39
40
Until recently, the study of cellulose degradation in the cow rumen was mostly attributed to a few cultured 41
isolates from the phyla Firmicutes and Fibrobacteres, namely Ruminococcus albus, R. flavefaciens and 42
Fibrobacter succinogenes (Hungate, 1950 , Hungate, 1960 ). The advent of culture-43 independent techniques, has revealed that these well-studied isolates are often found in low abundance 44 in situ, with the rumen dominated by uncultured Firmicutes and Bacteroidetes populations (Stevenson 45 and Weimer, 2007 , Konietzny et al., 2014 . These uncharacterized phylotypes are a potential source of 46 novel CAZymes and new knowledge into the saccharolytic mechanisms that are employed, which builds 47 on classical views of biomass and cellulose degradation in the rumen. The known CAZyme configurations 48 and mechanisms that have been described from well-known cultured microbes include cellulosomes, 49 secreted free cellulases, and polysaccharide utilization loci. In addition, the means of cellulose 50 degradation in certain species is still elusive. 51
52
Considering that ruminants obtain most of their energy from their symbiotic microbiota, the efficiency of 53 feed conversion and end-product meat and milk quality in bovines is tightly linked to the dynamics and 54 function of the rumen microbiome. In this chapter, we will give an overview of the role of the microbiota 55 4 seven, the affinity for other oligomers is so high that the molecules aggregate and cannot be solubilized 84 in aqueous solvents (Brown, 2004) . Native cellulose in the plant cell wall takes on a crystalline form called 85 cellulose Iβ, where 18-24 cellulose chains produced by the cellulose synthase complex on the cell's plasma 86 membrane, forming micro-fibrils that are stabilized by extensive hydrogen bonding between parallel 87 aligned chains (Schneider et al., 2016) 
Hemicellulose 97
Hemicellulose is a broad term that describes different heteropolymers that are embedded in the cell walls 98 of plants, of which the detailed structure and abundance can vary depending on the plant species. 99
Traditionally, after extracting pectins and lignin from the biomass, extraction with alkaline treatment was 100 used to separate "the rest" of the polysaccharides from cellulose, which was subsequently termed 101 "hemicellulose" (Scheller and Ulvskov, 2010 CAZymes are classified into families based on their amino acid sequence, which in turn reflects their three-146 dimensional structure and fold (Henrissat, 1991 , Cantarel et al., 2009 ). As the number of carbohydrate 147 substrates greatly exceed the number of folds, the enzymes have evolved from common folds and thus 148 several enzyme specificities can exist within the same family. Likewise, the same enzyme specificities can 149 be found in different families, exemplifying convergent evolution. CAZymes are often multi-modular and 150 can contain several domains from different families, which allows one protein sequence to be classified 151 into several families. The rest of this section will provide an overview of the functions of the various 152
CAZyme classes. 153 154
Glycoside hydrolases 155
The largest class in terms of both the number of sequences and the number of families in the CAZy 156 database is the class of glycoside hydrolases, with 156 families and over 600 000 sequences, reflecting the 157 enormous variation in available carbohydrate substrates . Glycoside hydrolases 158 catalyze the hydrolysis of glycosidic bonds and the reaction can occur with two different mechanisms, 159
where the anomeric configuration of the glycosidic bond is either retained or inverted (Koshland, 1953) . 160 7 The reaction is catalyzed by two conserved amino acid residues in the enzyme, normally glutamic acid or 161 aspartic acid (McCarter and Withers, 1994) . These act as a general acid (proton donor) and a base, and 162 the spatial position of their side chains correlates with type of mechanism. 163 164 Glycoside hydrolases have a wide variety of specificities, attacking the backbone of linear polysaccharides, 165
targeting crystalline substrates or acting as debranching enzymes attacking only specific substitutions of 166 a particular hemicellulose. GHs acting on polymers can be either endo-or exo-acting, referring to whether 167 the enzyme attacks glycosidic bonds within the polysaccharide or at the chain ends, respectively. Often, 168 exo-acting enzymes processively perform several hydrolytic events without dissociation from their 169 substrate, and they have specificities towards either the reducing-or non-reducing end of the 170 polysaccharide Henrissat, 1995, Barr et al., 1996) . In cellulose degradation, endocellulases 171 (currently found in 14 GH families, but typically belonging to GH5, GH9 or GH45) and exocellulases 172 (Typically GH6, GH7, GH48, but some GH9s have been reported as processive endocellulases, releasing 1 cellulosome are assembled across four distinct scaffoldins ( Fig. 2A) . In contrast to R. flavefaciens, R. 267 albus contains a lower abundance of dockerin encoding genes, and two of three sequenced strains 268 contained only one cohesin encoding gene, whereas the third contained no cohesin counterparts. This 269 suggests the existence of a so-far undiscovered type of scaffoldin with a novel cohesin-like domain, or 270 that the cellulolytic bacterium does not utilize a "full" cellulosome mechanism (Dassa et al., 2014) . 271
272
The cellulosomes found in anaerobic fungal genomes greatly differ from those found in anaerobic bacteria 273 (Haitjema et al., 2017) . Orthologues of a large scaffoldin protein (ScaA) with no sequence similarity to 274 bacterial scaffoldins were found in all five sequenced genomes of anaerobic fungi. Interestingly, the 275 dockerin domains from three genera of gut fungi were able to bind to all combinations of ScaA fragments, 276 containing cohesin-motifs. The authors therefore speculate that in their native environment, fungal 277 cellulosomes may actually exist as composites of enzymes from different fungal species, unlike bacterial 278 dockerin-cohesin interactions which are highly species-specific. 279 280
Secreted enzymes 281
The second most renowned paradigm of microbial cellulose degradation is that of secreted free cellulases, 282 primarily in aerobic fungi and bacteria (Fig. 2B) . This mechanism has been well studied in the mesophilic 283 filamentous fungus Trichoderma reesei, which was originally isolated from rotting US Army equipment in 284 the Solomon Islands during World War II, and is the dominant industrial cellulase-producing organism 285 (Bischof et al., 2016 , Reese, 1955 . enzymes work in concert, where endoglucanases (with or without CBM1 domains) attack β-1,4 glycosidic 293 bonds in the amorphous regions of cellulose, creating chain-ends for the processive CBHs that attack from 294 both ends of the chains, disrupting the crystalline structure. Cellobiose released from the CBHs is degrade 295 to glucose monomers which are taken up by the cell. The AA9 type LPMOs introduce oxidative breaks in 296 the crystalline region of cellulose, creating more chain-ends for CBH, possibly acquiring reducing power 297 from non-enzymatic donors such as lignin (Westereng et al., 2015) . Other fungal cellulase systems utilize 298 secreted enzymes as well, but these have not been studied to the same extent (Wilson, 2008) . Several 299 bacteria also use the secreted free enzyme mechanism for cellulose degradation, in a similar manner to 300 the fungi (Wilson, 2011) . Thermobifida fusca is one well-studied example, utilizing GH5, GH6 and GH9 301 endo-cellulases, GH6 and GH48 exo-cellulases containing CBM2 cellulose binding domains, and two AA10 302 type LPMOs (Gomez Del Pulgar and Saadeddin, 2013, Forsberg et al., 2014) . 303
304
The role of secreted free-enzymes in the rumen of herbivore is not well understood. For example, based 305 on sequence prediction, it is believed that R. flavefaciens and rumen fungi also utilize secreted enzymes 306 in addition to cellulosomes (Dassa et al., 2014) . Several cellulose-degrading Firmicutes are predicted to 307 use secreted exo-(GH48) and endo-cellulases (GH5, GH9) such as selected species affiliated to the 308 Lachnoclostrium, Cellulosilyticum (Cai et al., 2010) , Ruminoclostridium and Ruminococcus genera 309 (Seshadri et al., 2018) . Similarly, Cellulomonas sp. affiliated to the Actinobacteria phylum is also predicted 310 to degrade cellulose via the actions of free exo-and endo-cellulases. Many populations are also predicted 311 to degrade hemicellulose and starch using free enzymes such as the predominant rumen microbe 312
Butyrivibrio fibrisolvens (Seshadri et al., 2018) . 313 has demonstrated a greater ability to digest cellulose from forages than other species of rumen bacteria 398 (Dehority and Scott, 1967) . Despite this, its genome is devoid of the cellulosome components dockerin 399 and cohesins, and it does not appear to encode any exo-cellulases, known to be required for both the 400 secreted free enzymes and cellulosome mechanisms. polyenzymogenes", is predicted to have cellulose-degrading capabilities, with over 100 CAZyme domains 466 including 17 putative endo-cellulases and members of GH3 β-glucosidases and GH94 cellobiose 467 phosphorylases . Notably, many of the encoded CAZymes were multi-modular and 468 found to include a specific C-terminal domain (CTD) known to target proteins for secretion through the 469 T9SS (Fig. 4B) . Similar cellulase-gene organizations were found in the six other representatives in Ca. indicating that active digestion of complex carbohydrates could be assigned to members of the novel Ca. 553 MH11 family, which uses a non-conventional T9SS-based saccharolytic mechanism (Fig. 4B) (Naas et al., 554 2018). Multi-omics have also reiterated that Bacteroidetes-affiliated PULs are critical for rumen fibre 555 digestion, with MAG-centric metaproteomic data recovered from Alaskan moose revealing greater than 556 90% of the detected CAZymes were expressed from PULs . While these initial studies 557 illustrate that such methods can be used to create deeper understanding regarding microbial plant fibre 558 degradation, they have thus far only observed a fraction of the larger community dynamics that are in 559 play, which is constantly varying in response to time (i.e. such as before and after eating) as well as 560 individuality factors of the animal host. 561 562 6. How can this accumulated knowledge be used to improve the fibre digestion in ruminants by linking host genetics to microbiome function and beyond to specific glycan profiles in their 584 diets? The ultimate idea being that we could theoretically customize diets for specific cattle breeds with 585 specific glycan structures, which would match the enzymatic/mechanistic capabilities of their host-linked 586 microbiota. Thus far, previous ruminant GWAS have yet to elucidate at a profound functional level how 587 the expressed metabolic enzymes or pathways within (multiple) microbial populations are linked to host 588 genotypes as well as specific glycan structures. Moreover, the majority of heritable populations identified 589 are assigned to taxa for which no cultured isolate, genome or metabolic information is available. 590
Therefore, we lack a deeper understanding of "holobiont phenotypes" i.e. how important interactions 591 among cow and microbial genomes, and their expressed enzymes / metabolic pathways, affect variationin fibre digestion. Tackling such a challenge has historically been "out of bounds" both technically and 593 economically, however today's molecular toolkits are increasing the feasibility to create 1000's of rumen 594 microbial genomes (Stewart et al., 2018a , Seshadri et al., 2018 , map the glycan structures consumed in 595 animal feed and disentangle extremely complex interactions between feed, the "gut microbiome", and 596 host genetics. Thus, we hypothesize that it is becoming possible to study the high-dimensional 597 multispecies molecular phenotype of animals and their residential microbiomes, i.e. the holobiont. This 598 includes the genomes, which genes are expressed, and what these genes 'produce' in terms of enzymes 599 and interacting biochemical reactions. Ultimately, such knowledge could be incorporated into commercial 600 feed design and breeding programs to optimize fibre digestion and animal production in general. 601 602 7. Summary, future trends, and where to look for further information. genomic data and CAZymes to be mined. It is highly likely that closer examination of these resources will 618 uncover CAZymes and fibrolytic strategies that vary from those outlined in this chapter. 619
Despite the potential value of these genomic resources, they do not currently address an elemental 621 shortcoming that rumen microbiology still needs to overcome, which is that our knowledge is built from 622 well documented bacteria and archaea, whereas virtually nothing is known about the eukaryotic and viral 623 populations. These under-represented facets of rumen microbiology are believed to contribute to 624 digestion and enteric gas formation, but are poorly understood due to their uncultivability and/or genome 625 complexity. It is hoped that new technologies will help address the eukaryotic/viral challenge, such as 626 long-read sequencing technology (Oxford nanopore (Stewart et al., 2018a) ) and specific binning software 627
VirSorter (Roux et al., 2015) and EukRep (West et al., 2018 ) that target uncultured virus (Emerson et al., 628 2018) and eukaryotes, respectively. In addition, there needs to be concerted efforts to incorporate axenic 629 isolation and both biochemical and enzymological approaches into future efforts to deconvolute new 630 fibrolytic mechanisms, as without hard biochemical evidence we cannot proceed beyond prediction and 631 elucidate true metabolic function. 632 633
